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Abstract
Three different compositions of Pt-Re-Sn/C catalysts were prepared using the impregnation method, and their 
performance was tested using a direct ethanol fuel cell (DEFC). The effect of various operating parameters like cell 
temperature, ethanol solution flow rate, ethanol concentration, anode diffusion layer, and oxygen flow rate were 
studied using Pt-Re-Sn (20:5:15)/C as metal catalyst. The performance of the DEFC was found to be increased by 
increasing the cell temperature. Also, the effect of different supports is studied, and its performance was tested using 
the DEFC. The percentage of different products of ethanol electro-oxidation was also studied. 
 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Grove 
Steering Committee. 
 
Keywords: Direct ethanol fuel cell; Ethanol electro-oxidation; Pt-Re-Sn/C; Electrocatalyst 
1. Introduction
Direct ethanol fuel cells (DEFCs) have been of great interest as power sources for mobile, stationary, 
and portable applications. However, the complete oxidation of ethanol to CO2 is difficult due to the 
difficulties in C–C bond breaking and the formation of CO intermediates that poison the platinum anode 
catalysts [1–3]. The catalytic activity of a catalyst for ethanol electro-oxidation depends on the size 
distribution and dispersion of the catalyst, and is closely linked to the characteristics of the support used. 
In order to increase the electrocatalytic activity of Pt towards ethanol oxidation, different alloys with a 
second metal such as Ta or Hf were employed. Among the binary Pt-based catalysts, the Pt–Sn pair can 
replace the Pt–Ru pair because of its better capability of CO tolerance. In contrast to the improved 
catalytic activity of these bimetallic catalysts, the selectivity for CO2 formation generally remains very 
low. For all catalysts, incomplete ethanol oxidation to C2 products (acetaldehyde and acetic acid) prevails, 
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CO2 formation contributes by 1% in particular in the technically interesting lower potential region. The 
CO2 formation is found to increase with decreasing ethanol content. The catalyst support has been proven 
as an effective approach to lowering the usage of noble metal while simultaneously improving the 
catalytic activity by incorporating relatively large surface area, good electrical conductivity, and an 
accessible porosity. The most frequently used supports at present, such as carbon black and activated 
carbon, carbon nanotubes (CNTs) have proven to be effective supports for electrocatalysts. CNTs have 
excellent electrical conductivity, but they exhibit a poor pore development and low surface area compared 
to Vulcan-XC.  
2. Experimental  
2.1. Material 
The precursors used for the preparation of electrocatalysts were H2PtCl6.6H2O (Alfa Aesar, USA), 
SnCl2.2H2O (Merck, Germany) and ReCl3 (Alfa Aesar, USA). Vulcan XC-72 (Carbot, USA) was used as 
support for the catalysts. Carbon paper (90T, Toray, USA) was used as the substrate for the catalyst 
powder to prepare the electrodes. Nafion® (DE 521, DuPont, USA) dispersion was used to make the 
catalyst slurry. Ethanol (Merck, Germany) and H2SO4 (Merck, Germany) were used as fuel and as 
electrolyte for electrochemical analysis, respectively. Nafion 117® (DuPont, USA) proton-exchange 
membrane was used to prepare a membrane-electrode assembly for the DEFC. Pt/C (40 wt%, Johnson 
Matthey) was used as the cathode catalyst.  
2.2. Catalyst preparation
The precursors were first suspended in propanol and then ultrasonicated for 3 h. High-surface-area 
carbon black, e.g. Vulcan XC-72, was preheated to 110°C and suspended in propanol separately and 
ultrasonicated for 3 h. The precursor suspension is then added dropwise to the carbon suspension. The 
weight ratio of Pt-X/C (X = Sn, Re, Re-Sn) was controlled according to the targeted metal loading. 
Ultrasonic blending for 3 h, of precursor and carbon suspension was carried out to ensure the proper 
impregnation of metal precursors on the carbon support. The suspension was then kept at 70°C for 12 h 
and all the propanol was evaporated. The precursor mixtures were reduced in a hydrogen atmosphere at 
different temperatures to obtain the desired bimetallic and trimetallic catalysts by the impregnation 
method. The abbreviation used here to show the metal composition in the catalyst, e.g. Pt-Re-Sn/C 
(20:5:15), represents 20 wt% Pt, 5 wt% Re, 15 wt% Sn, and the remaining 60 wt% is carbon. 
2.3. DEFC single-cell test 
In the present study, the membrane-electrode assembly (MEA) was prepared by the conventional 
method [4, 5]. The catalysts tested on the anode side were Pt-Re-Sn/C (20:10:10), Pt-Re-Sn/C (20:5:15), 
and Pt-Re-Sn/C (10:15:15) with catalyst loading 2 mg/cm2. On the cathode side Pt/C (40 wt%) with 
catalyst loading 2 mg/cm2 was used in all experiments. The catalyst ink was prepared by mixing the 
required quantity of catalyst with Nafion (DE 521, DuPont, USA) dispersion in an ultrasonic bath for 
30 min to obtain a uniform dispersion. The catalyst slurry was spread on the porous carbon paper (90T, 
Toray, USA) by brush and dried at 100°C for 30 min to obtain the anode and cathode electrodes. The 
Nafion 117® was treated with 3% hydrogen peroxide, deionised water, 0.5M sulfuric acid, and deionised 
water again in stepwise manner for 1 h [5]. The treated membrane is sandwiched between the catalyst-
coated anode and cathode, and tested in the DEFC to determine the current–voltage characteristics. The 
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fuel used on the anode side is 5M ethanol at a flow rate of 1 ml/min, and the cathode side is supplied with 
humidified oxygen at a flow rate of 60 ml/min. The DEFC was operated at 100°C and 1 bar (absolute) 
pressure. The current-voltage characteristics of the DEFC were measured using a potentiostat-galvanostat 
(Autolab, PGSTAT 30, GPES), and the data were verified using a multimeter (Sanwa, Japan). 
3 Results and discussion 
3.1. Effect of different metal catalysts used on cell performance 
By addition of X = Re, Ir, Hf, Os, and Ta as a third metal in the Pt-Sn/C catalyst, trimetallic catalysts 
were tested. Pt-X-Sn/C (20:10:10) were prepared using 60 wt% carbon as support. The DEFC 
performance is presented in Fig. 1. Among the five different trimetallic catalysts, Pt-Re-Sn/C (20:10:10) 
shows the highest power density of 22.37 mW/cm2 at a current density of 94.47 mA/cm2. 
Fig.1. Polarisation and power density curves at 2 mg/cm2 catalyst loading for different anode catalysts and Pt/C (40 wt%, Johnson 
Matthey) as cathode catalyst at 100°C. Anode feed: 5M ethanol at 1 ml/min. Cathode feed: pure humidified oxygen at 200 ml/min. 
3.2. Effect of variation in composition of Pt-Re-Sn/C metal catalysts 
Using Pt-Re-Sn/C, three different combinations of compositions were prepared and tested, as shown 
in Fig. 2. The Vulcan-XC carbon support loading was kept at 60 wt%. Among the three different 
combinations, Pt-Re-Sn/C (20:5:15) gave the best performance, with a maximum power density of 
31.31 mW/cm2 at a current density of 123.22 mA/cm2. 
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Fig.2. Polarisation and power density curves at 100°C for different compositons of Pt-Re-Sn/C on anode and Pt/C (40 wt%, Johnson 
Matthey) on cathode at 2 mg/cm2 catalyst loading. Anode feed: 5M ethanol at 1 ml/min. Cathode feed: pure humidified oxygen at 
200 ml/min. 
3.3. Effect of cell temperature 
Fig. 3 shows the effect of temperature using Pt-Re-Sn/C (20:5:15) as the anode catalyst in the DEFC. 
Here, the activity of the kinetic region increases with increasing temperature, and the slope of the ohmic 
region starts decreasing. The kinetics of the electrode, membrane conductivity, and mass transfer 
properties are activated with temperature [6]; therefore it is expected that increasing the fuel cell 
temperature will result in a performance enhancement. On the other hand, fuel crossover is also a 
thermally activating process. The maximum power density and current density increase almost linearly 
with temperature in the case of Pt-Re-Sn (20:5:15)/C catalysts. The smaller difference at the lowest 
temperature suggests that at 60°C the crossover effect is less important. Therefore the effect of the 
backpressure is reduced [6]. The OCV of the cell was almost independent of temperature. Thus the anode 
kinetics are more important at lower temperatures than the ethanol crossover effect.  
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Fig. 3. Polarisation and power density curves for Pt-Re-Sn/C (20:5:15) on anode and Pt/C (40 wt%, Johnson Matthey) on cathode at 
2 mg/cm2 catalyst loading at 60°C, 70°C, 80°C, 90°C, and 100°C. Anode feed: 5M ethanol at 1 ml/min. Cathode feed: pure 
humidified oxygen at 200 ml/min. 
3.4. Effect of ethanol flow rate  
Fig. 4 shows the effect of flow rate of ethanol solution on the fuel cell performance in the range of 
0.5–5 ml/min. The performance is almost invariable in the 1–5 ml/min range, but at 0.5 ml/min the 
maximum power density is around 4 mW/cm2 lower than at the higher flow rates. The difference in the 
performance between 0.5 ml/min and the other flow rates starts to appear at higher current densities of the 
kinetic region of the polarisation curve. With increasing current, the difference between the 0.5 ml/min 
curve and the other curves remains constant, i.e. the curves are almost parallel [6]. Therefore ohmic and 
mass transfer overpotentials have not varied with the ethanol flow rate. The performance of the cell at the 
very low ethanol flow rate of 0.5 ml/min suggests a surface effect, that is lower removal of reaction 
products that block active sites, or the reduced transport of reactant, and therefore a lower utilisation of 
the available catalyst sites [6]. 
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Fig. 4. Polarisation and power density curves at 2 mg/cm2 catalyst loading for Pt-Re-Sn/C (20:5:15) on anode and Pt/C (40 wt%, 
Johnson Matthey) on cathode at 100°C. Anode feed: 5M ethanol at 0.5–5 ml/min. Cathode feed: pure humidified oxygen at 
200 ml/min.
 3.5. Effect of diffusion layers (electrodes) 
Fig. 5 shows the DEFC performance using two different types of anode diffusion layer. The type of 
diffusion layer does not affect the OCV, nor the maximum power density or current density.
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Fig. 5. Polarisation and power density curves at 100°C for Pt-Re-Sn/C (20:5:15) catalyst on anode and Pt/C (40 wt%, Johnson 
Matthey) on cathode at 2 mg/cm2 catalyst loading with different anode diffusion media. Anode feed: 5M ethanol at 1 ml/min. 
Cathode feed: pure humidified oxygen at 200 ml/min. 
3.6. Effect of ethanol concentration 
The effect of ethanol concentration on the cell performance is illustrated in Fig 6. Both the OCV and 
the fuel cell performance in the mass transfer region increase with increasing ethanol concentration up to 
2M, but in the kinetic region the performance decreases with increasing concentration. At a very low 
ethanol concentration of 0.5M the performance suddenly drops, due to mass transfer limitations. At lower 
current density there is a lesser utilisation of ethanol; therefore a change in ethanol concentration does not 
affect the anode kinetics [6], while the cathode kinetics seem to be increased by the lower ethanol 
concentration due to the lower ethanol crossover. With increasing current density, the ethanol 
consumption increases, and when very low ethanol concentrations of 0.5M were tested, the mass transfer 
limited performance was seen using Pt-Re-Sn (20:5:15)/C catalyst.  
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Fig. 6. Polarisation and power density curves at 2 mg/cm2 catalyst loading for Pt-Re-Sn/C (20:5:15) on anode and Pt/C (40 wt%, 
Johnson Matthey) on cathode at 100°C. Anode feed: 0.5–5M ethanol at 1 ml/min. Cathode feed: pure humidified oxygen at 
200 ml/min. 
3.7. Effect of oxygen flow rate 
Fig. 7 shows the effect of oxygen flow rate on the fuel cell performance. These tests were performed 
using pure humidified oxygen at 1 bar absolute pressure on the cathode side. In Fig. 7 it is seen that with 
increasing oxygen flow rate up to 200 ml/min, the performance increases. However, increasing the flow 
rate above 200 ml/min does not produce much change in the performance. Also, the OCV and the 
maximum power density increase with increasing flow rate, because of the higher concentration of 
oxygen at the cathode compared to the crossover products, and due to an increase in the rate of removal 
of crossover substances that can poison the catalyst on the cathode side [6]. 
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Fig. 7. Polarisation and power density curves for different oxygen flow rates at 2 mg/cm2 catalyst loading using Pt-Re-Sn/C 
(20:5:15) on anode and Pt/C (40 wt%, Johnson Matthey) on cathode at 100°C. Anode feed: 5M ethanol at 1 ml/min. Cathode feed: 
pure humidified oxygen; Pcathode = 1 bar (absolute).
3.8. Effect of different supports 
Multi-walled carbon nanotubes (MWCNTs) have been functionalised as a support for Pt-Re-Sn 
(20:5:15) nanoparticles for the electro-oxidation of ethanol. The effect of functionalisation of MWCNTs 
on the synthesis and catalytic performance of Pt-Re-Sn/MWCNT is shown in Fig. 8. The DEFC test at 
100°C, 1 bar with catalyst loading of 2 mg/cm2 and 2M ethanol as anode feed showed an enhancement of 
activity in the following order: Pt-Re-Sn/func-MWCNT > Pt-Re-Sn/MWCNT > Pt-Re-Sn/Vulcan-XC. 
The Pt-Re-Sn/func-MWCNT exhibited the highest performance among all the catalysts prepared, with a 
power density of 52.4 mW/cm2 in the DEFC operating at 100°C.
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Fig. 8. Polarisation and power density curves for Pt-Re-Sn (20:5:15) metal catalyst using different supports at 2 mg/cm2 catalyst 
loading on anode and Pt/C (40 wt%, Johnson Matthey) used as cathode side catalyst at 100°C. Anode feed: 2M ethanol at 1 ml/min. 
Cathode feed: pure humidified oxygen at 200 ml/min. 
3.9. Product analysis 
The results of analysis of the ethanol oxidation reaction (EOR) products in the DEFC, as a function of 
voltage, are shown in Figs. 9 and 10. The amount of acetic acid and acetaldehyde formed as a product of 
EOR at the OCV cannot be related to the catalytic electro-oxidation of ethanol. Here ethanol is oxidised 
on the catalyst surface by oxygen permeating from the cathode, in what is called a parasitic process [7]. 
To remove the effect of the parasitic process, the data under load were corrected by subtracting the 
amount of products detected at the OCV shown in Fig. 10. 
 
Fig. 9. Product analysis (HPLC) of a mixture leaving from the DEFC. Anode: 2 mg/cm2 of Pt-Re-Sn/FuncMWCNT, at 100°C, 
Nafion 117 membrane. Applied potential 0.55 V. Peaks at retention time (RT) (I) 5.909, (II) 16.171, and (III) 20.058 min are (I) 
acetaldehyde, (II) ethanol, and (III) acetic acid, respectively. 
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Fig. 10. Products of ethanol oxidation versus cell voltage in case of direct ethanol fuel cell, at 100°C. Data after correction of 
oxygen crossover.
4. Conclusions 
Pt-Re-Sn/C (20:5:15) showed the best cell performance among the three different compositions tested. 
The effect of temperature, anode diffusion layer (electrodes), oxygen flow rate, ethanol concentration, and 
flow rate on the DEFC polarisation curve was studied. The effect of the studied parameters on OCV was 
very small. By increasing the temperature and the oxygen flow rate, the activity of the cell increases, and 
hence the kinetically controlled region of the polarisation curves is enhanced, while it is decreased by 
increasing the ethanol concentration using Pt-Re-Sn (20:5:15). Also, the activity of the DEFC was found 
to be independent of ethanol solution flow rate and anode diffusion layer. Increasing the temperature 
improved the maximum power density almost linearly. Increasing oxygen flow rate to values higher than 
200 ml/min, the DEFC performance does not change using Pt-Re-Sn (20:5:15)/C catalyst for electro-
oxidation of ethanol. Higher power densities were found for an ethanol concentration of 2M and ethanol 
flow rate above 1 ml/min. The use of func-MWCNT as the support for Pt-Re-Sn (20:5:15) anode catalyst 
improves cell performance, and the maximum power density obtained is 52.4 mW/cm2 at 100°C. Product 
analysis shows the maximum yield of acetic acid obtained using Pt-Re-Sn (20:5:15)/func-MWCNT 
catalyst is 5.6%. 
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